The ribonucleoprotein (RNP) of avian infectious bronchitis virus (IBV) was examined by electron microscopy after shadowing with carbon/platinum. Linear RNP strands up to 6.7/zm in length, from three IBV strains, were sensitive to both pancreatic RNase and to proteases. These strands were obtained from spontaneously disrupted complete particles but not from disrupted incomplete particles that lacked RNP. They were also released from Nonidet P40-disrupted particles and could be isolated on sucrose density gradients at a density of 1.27 g/ml. In some cases, helical RNP complexes associated with virus particles were observed that were similar to RNPs of human coronavirus strain 229E and mouse hepatitis virus strain 3.
INTRODUCTION
Coronaviruses are a group of lipid-containing, enveloped RNA viruses that have been classified together on their unique morphology and certain biochemical similarities (TyrreU et al., 1978) . They appear approximately spherical with a diam. of between 80 and 120 nm and possess distinctive club-shaped projections up to 20 nm in length (Mclntosh, 1974) . All coronaviruses have a single, high tool. wt., single-stranded RNA genome polyadenylated at the 3'-terminus and four to seven polypeptides, most of which are glycosylated (Tyrrell et al., 1978) . One unglycosylated polypeptide of mol. wt. about 50000 is associated with the genome and appears to form the nucleocapsid (Tyrrell et al., 1978) .
Helical ribonucleoprotein (RNP) structures, detected by negative staining, have been described for the coronaviruses, human coronavirus strain 229E (HCV 229E) (Kennedy & Johnson-Lussenburg, 1975/6; Macnaughton et al., 1978; Caul et al., 1979) and mouse hepatitis virus strain 3 (MHV3) . Furthermore, thread-like structures, which could represent RNP, have been observed in thin sections of particles of the eoronavirus, avian infectious bronchitis virus (IBV) (Apostolov et al., 1970) and associated with human enteric coronavirus (HECV) infections (Caul & Egglestone, 1977) . In this paper we describe the structure and composition of IBV RNP for the first time and discuss its relationship to RNPs of other coronaviruses.
METHODS
Virus strains. IBV strains Beaudette (IBV 42), Connecticut (IBV 46) and Massachusetts (IBV 41) were used. All these strains have had a long history of passage in embryonated chicken eggs.
Virus growth in embryonated chicken eggs. Aliquots of 0.2 ml containing 104 to 105 TCID~0 of virus were inoculated by the allantoic route into 9-or 10-day-old embryonated chicken eggs which were then incubated at 37 °C for 24 h. The eggs were chilled at 4 °C overnight, and the allantoic fluid was harvested and then immediately clarified by centrifugation at 2000 g for 30 min at 4 °C. pathogen-free chickens (Bingham, 1975) were infected at an input multiplicity of 0.1 infectious particles/cell. Twenty /JCi/ml aH-uridine (sp. act. 24 Ci/mmol) or 20 /iCi/ml 3H-leucine (sp. act. 20 Ci/mmol) (The Radiochemical Centre, Amersham) were added just after infection. The cells were harvested after 25 h, subjected to three freeze-thaw cycles and were then clarified at 2000 g for 30 min at 4 °C (Macnaughton & Madge, 1977a) .
Virus purification. All the purification steps were performed at 0 to 4 °C. Clarified virus was pelleted at 75 000 g for 1 h, and then resuspended in 1 ml Dulbecco's phosphate-buffered saline 'A' (PBSA), overlaid on to a linear 25 to 55 % (w/w) sucrose gradient in PBSA and centrifuged at 90 000 g for 16 h. One ml fractions were collected and aliquots were measured for acid-precipitable radioactivity in a Packard Tri-Carb scintillation counter. The virus peak fractions were collected, diluted in PBSA or 0.1% Nonidet P40 (NP40) in PBSA at 4 °C and then layered on to a linear 25 to 70% (w/w) sucrose gradient in PBSA and centrifuged at 90000 g for 16 h. Again, 1 ml fractions were collected and their acid-precipitable radioactivity determined. The peak fractions were used for further study.
Polyaerylamide gel electrophoresis. Purified virus fractions from sucrose gradients were treated with 5% SDS-2% 2-mercaptoethanol at 100 °C for 1.5 min. A trace amount of bromophenol blue was added to the reduced polypeptides which were electrophoresed through 7.5 % polyacrylamide gels (Macnaughton & Madge, 1977 a) . After electrophoresis, the gels were extruded, frozen and sliced into 1 mm discs. The gel slices were dissolved in hydrogen peroxide at 80 °C for 2 h; scintillation fluid was added and radioactivity was determined in a Packard Tri-Carb scintillation counter. The mobility of the virus polypeptides was compared with the mobilities of proteins of known mol. wt. that had been analysed under the same conditions (Macnaughton & Madge, 1977 a) .
Electron microscopy. Four hundred-mesh grids with a carbon film were floated for 5 min on aliquots of virus from peak sucrose density fractions, transferred to six separate drops of distilled water, shadowed with carbon/platinum at an angle of 12 ° and then examined in a Philips EM 300 electron microscope. Latex particles of known diam. were used for the internal calibration of the shadowing angle.
Measurement of length of RNP-like structures.
Fourteen of the longest strands were measured in duplicate, directly from micrographs, using a Kontron MOP Digiplan image analyser.
Enzyme digestion. Aliquots of 5/A of purified virus were incubated for 30 min at 37 °C with equal volumes of trypsin type II from porcine pancreas (400/~g/ml in PBSA), protease type V from Streptomyces griseus (400 ~tg/ml in PBSA), ribonuclease A type 1A (RNase) from bovine pancreas (100 /~g/ml in PBSA), deoxyribonuclease I DN-EP (DNase) from bovine pancreas (10 ~tg/ml with 10 mM-MgCI 2 in PBSA), and PBSA, on teflon-coated microscope slides in a moist chamber. All enzymes were obtained from Sigma. An equal volume of latex particles of known concentration in PBSA was also added to each mixture to enable accurate counting of the strands (Watson et al., 1963) . Grids were prepared before and after incubation and the number of RNP-like structures was counted.
RESULTS

Fractionation of IB V on sucrose density gradients
3H-uridine-labelled IBV strain Beaudette was pelleted at 75 000 g and then centrifuged to equilibrium in a linear 25 to 55% (w/w) sucrose density gradient. A single peak of radioactivity of density 1.18 g/ml was observed which coincided with peaks of virus particles with typical coronavirus morphology and infectivity. Virus from this peak was treated with or without 0.1% NP40 at 4 °C and centrifuged in linear 25 to 70% (w/w) sucrose density Fig. 2 . Electrophoresis on a 7.5 % polyacrylamide gel of subviral component material of density 1.27 g/ml from a 25 to 70 % (w/w) sucrose density gradient of 3H-leucine-labelled IBV strain Beaudette disrupted at 4 °C with 0.1% NP40. gradients ( Fig. 1) . Fig. 1 (a) and 1 (b) show the radioactive profiles of untreated and NP40-treated virus respectively. A partial shift in radioactivity after NP40 treatment from 1.18 to 1.27 g/ml was observed, although in no experiments did a complete shift occur. When virus was treated with 1% NP40 at 4 °C or incubated with 0.1% NP40 at 37 °C, acid-soluble radioactivity increased, the 1.18 g/ml peak decreased and the 1.27 g/ml peak disappeared. Similar results were obtained using 3H-leucine-labelled IBV strain Beaudette.
Polypeptide composition of subviral components of density 1.27 g/ml 3H-leucine-labelled IBV strain Beaudette, disrupted with 0.1% NP40 at 4 °C, was centrifuged in a linear 25 to 70% (w/w) sucrose density gradient and the polypeptide composition of subviral components banding at 1.27 g/ml was analysed on 7.5% polyacrylamide gels. Fig. 2 shows a typical polyacrylamide gel profile of such material. A single peak of radioactivity was observed, which corresponded to a polypeptide of mol. wt. about 51000. We have previously shown that a virus structural polypeptide of this mol. wt., VP51, comprises the RNP oflBV (Macnaughton et al., 1977; Macnaughton & Davies, 1980) .
. Sucrose density fractions of IBV strain Beaudette RNP-like strands shadowed with carbon/platinum at 12 °. The RNP-like strands were from a virus preparation treated with 0-1% NP40 and banding at a density of 1.27 g/ml. Arrow indicates direction of shadowing.
Morphology of subviral components from particles disrupted with NP40
The morphology of virus particles treated with 0.1% NP40 and banding at 1.18 g/ml on sucrose density gradients (Fig. 1 b) was similar to untreated particles (Macnaughton & Madge, 1977 a) . However, on negative staining, some of them had lost their normal spherical structure and were disrupted, appearing similar to those previously observed after treatment with 1% NP40 (Macnaughton et aL, 1977) . Fig. 3 shows an electron micrograph of shadowed material from virus particles treated with 0.1% NP40 and banding at 1.27 g/ml on sucrose density gradients (Fig. lb) . Long thin strands are observed, which in some cases appear to have fragmented. Similar results were obtained for the IBV strains Connecticut and Massachusetts. These strands were not associated with other fractions from Fig. 1 (b) .
Morphology of strands from spontaneously disrupting particles
In a previous paper , we showed by negative staining that helical RNP structures of 14 to 16 nm diam. were released from HCV 229E and MHV3 particles on incubation for 6 to 24 h at 23 °C. However, no such structures could be observed by negative staining in preparations of IBV particles treated in the same way. We therefore examined preparations of IBV particles incubated for 6 to 24 h at 23 °C by shadowing. Long thin strands of material, with little surface detail (Fig. 4a, b) , were observed in many preparations of disrupting, complete IBV particles (Table 1) . However, in no cases were strands observed in incomplete IBV particle preparations, which completely lacked RNP (Macnaughton & Davies, 1980) . In some cases, extremely long strands up to 6.7/ira in length were observed (Fig. 4a) , although in mos~ cases much shorter lengths were seen, corresponding more to the lengths of strands obtained from NP40-disrupted particles (Fig. 3) . It was difficult to measure the lengths of the strands as, on air-drying the grids during their preparation, strands were sometimes drawn towards small pieces of debris by surface tension forces, producing a flexuous appearance, apparently joined by debris (Fig. 4 a, b) . Furthermore, at some points * Particles were separated on sucrose density gradients. Density of complete virus particles was 1.18 g/ml and that of incomplete virus particles 1-13 g/ml (Macnaughton & Davies, 1980) . Percentage of Enzyme incubation* structures/ml x 10 -9 RNP-like structures PBSA 10.0 59 Trypsin (400 #g/ml) 0 0 Pronase (400/~g/ml) 0 0 RNase (100 #g/ml) 1.9 11 DNase (10/~g/ml) 13.0 79 * 1.7 x 10 ~° RNPqike structures/ml present in a purified virus preparation were used for each digestion. Incubation was at 37 °C for 30 min.
on the strands, small areas were seen where carbon/platinum had not collected. This is probably due either to shadowing occurring at right angles to the axis of the strands or to breakage of the strands at or near pieces of debris, presumably caused by pressure at these points on air-drying (Fig. 4b, small arrows) . Thus, we have assumed in our measurements that each distinctly separate structure represents a single strand. The two longest strands had similar lengths of 6.2 and 6.7/~m. However, it appears that the strands were very fragile as most were shorter than 4.5 ~an.
The height, and hence diam. of these strands, was difficult to determine. On shadowing, the carbon/platinum evaporated on to the strands increased the size of the structures and hence the length of the shadows. Furthermore, different shadow lengths were obtained along the same strands since the direction of the shadowing was not always perpendicular to the strands due to their flexuous nature. Nevertheless, from 24 measurements at different points on a number of strands, the mean diam. of the strands was 1.5 + 0.5 nm with a range in diam. of 1.0 to 1.9 nm.
Although most strands from spontaneously disrupting particles appeared as long linear molecules, a few preparations contained coiled, apparently helical complexes, often associated with disrupted particles (Fig. 4 c) . The diam. of these structures was much larger than that of the linear strands (Fig. 4a, b) and similar to that of RNP complexes of HCV 229E Caul et al., 1979) and MHV3 , as seen on negative staining. It is tempting to speculate that these structures represent a stage in the uncoiling of an IBV RNP complex before linear strands are formed.
Enzyme digestion of RNP-like structures
The RNP-like structures were incubated with trypsin, Pronase, RNase and DNase in order to look for the presence of protein and RNA in the structures. The results of a typical experiment are shown in Table 2 . The stranded structures were completely sensitive to both trypsin and Pronase, insensitive to DNase and only partially sensitive to RNase. These results suggest that the stranded structures contain both protein and RNA, and that the RNA is partially protected by protein from RNase digestion.
DISCUSSION
This is the first report to show directly the presence and structure of IBV RNP in complete virus particles. We have been unable to detect this RNP by electron microscopy under conditions in which the RNPs of HCV 229E and MHV3 can .readily be isolated . However, Table 2 shows that IBV RNP is unstable on incubation with PBSA at 37 °C for 30 min and this may explain why RNP molecules were not observed from all preparations of complete virus particles. IBV RNP is difficult to visualize by negative staining, as it tends to exist in thin strands, but it can be readily observed after shadowing. IBV RNP was isolated on sucrose density gradients at a density of 1.27 g/ml from IBV particles incubated for 6 to 24 h at 23 °C. Occasionally, these RNPs formed helical structures (Fig. 4c) , as described for HCV 229E (Kennedy & Johnson-Lussenburg, 1975/6; Macnaughton et al., 1978; Caul et al., 1979) and MHV3 , although they were usually found as long thin strands up to 6.7/zm in length (Fig. 3,  Fig. 4a, b) . Previous reports on the HCV 229E RNP using negative staining have indicated that although these RNPs are helical (Kennedy & Johnson-Lussenburg, 1975/6; Macnaughton et al., 1978; Caul et al., 1979) , the helices may consist of tightly bound coils of 9 to 13 nm diam. (Caul et al., 1979) or of more loosely bound coils of 14 to 16 nm diam. . We suggest that IBV RNPs may exist as helices like those of HCV 229E or MHV3, but that they are usually found as long thin strands perhaps derived from uncoiling of helices.
Although there is some disagreement concerning the polypeptide composition of IBV particles, a major, unglycosylated polypeptide of tool. wt. about 50000 has been found in all cases (Bingham, 1975; Collins et al., 1976; Alexander & Collins, 1977; Macnaughton & Madge, 1977a; Macnaughton et aL, 1977; Nagy & Lomniczi, 1979; Lanser & Howard, 1980) , and this is associated with the RNA genome (Macnaughton et al., 1977) . Our RNP preparations from sucrose gradients contained such a polypeptide, identical in tool. wt. to VP51, which we have previously shown to comprise the RNP of 1BV (Macnaughton et al., 1977; Macnaughton & Davies, 1980) . The IBV genome consists of a single single-stranded molecule of tool. wt. reported to vary from 5.6 x 106 to 9.0 × 106 (Watkins et al., 1975; Lomniczi & Kennedy, 1977; Macnaughton & Madge, 1977b; Schochetman et al., 1977; Macnaughton, 1978) . The variation in tool. wt. is not unexpected as most of the mol. wt. determinations were performed using low percentage polyacrylamide gels that do not readily resolve high tool. wt. RNAs. Lomniczi & Kennedy (1977) have obtained the same tool. wt. of 8.1 x 106 by both polyacrylamide gel electrophoresis and RNase T 1 fingerprinting.
Digestion studies with Pronase, trypsin, RNase and DNase (Table 2) showed that the RNP consists of both protein and RNA, and that the RNA component is partially protected by the protein. If we assume that IBV RNP consists of protein molecules surrounding an RNA genome that runs the entire length of the RNP structure, then we suggest that complete, fully extended RNP strands can be used to calculate the mol. wt. of the RNA genome. The lengths of the two longest uncoiled strands of RNP were 6.2 pm and 6.7 pm which correspond to tool. wt. of 6.1 × 106 to 6.6 × 106 for single-stranded RNA. It is interesting to note that this determination of the mol. wt. of genomic RNA is in the same range as that obtained by biochemical techniques, although of course it does not show that the genome exists as a single molecule.
